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OF A HYDROFOIL SECTION 
ABSTRACT 
This paper describes "two-dimensional" tests in a water 
tunnel of a profile i dentical to the 4412 airfoil section of the 
National Advisory Committee for Aeronautics. The tests included 
photographic observations of the inception and growth of cavitation 
as influenced by velocity, pressure (submergence ) and angle of attack, 
and measurements, during cavitation-free operation, of the hydro-
dynamic forces and moments as functions of Reynolds number and angle 
of attack. The relation between the angle of attack and the value 
of the cavitation parameter at which inception occurs is shown for 
each face of the hydrofoil. The effect of profile geometry in 
causing cavitation, and the significance of distinct~y different 
types of cavitation obtained with change in variables are discussed. 
Convenient curves are given showing the submergence required to avoid 
cavitation for different velocities and angles of attack. The 
measured hydrodynamic characteristics are presented in graphical 
form and are also compared with previously existing data from wind 
tunnel tests of a finite aspect ratio span. The experimental pro-
cedure and its reliability in indicating true infinite aspect ratio 
characteristics is discussed. 
INTRODUCTION 
The usefulness of a profile as a hydrofoil depends upon its susceptibility 
to cavitation and its behavior when cavitating , as well as its hydrodynamic character-
istics when cavitation is absent. In the past the bulk of the basic hydrofoil per-
formance data has been determined either in wind tunnels where cavitation can not 
be produced, or in towing tanks where cavitation, if produced, cannot be examined 
conveniently. Therefore, not onl y have there been very little data available shm1ing 
the cavitation characteristics of hydrofoil shapes , but there have been only a few 
very limited descriptions of how cavitation begins and grows on a hydrofoil surface. 
In 1943 a test program was undertaken in the High Speed Water Tunnel of the 
California Institute of Technology (1) which provided an opportunity for making a de-
tailed study of the characteristics of a hydrofoil that included cavitation as well as 
the normal hydrodynamic data. This program was initiated at the request of the David 
Taylor Model Basin with the objective of investigating in general the testing of small 
scale hydrofoils ~n a water tunnel of the Cal-Tech type under both cavitating and 
non-cavitating conditions. 
For these experiments, the test installation in the water tunnel was 
arranged to provide as nearly as practical two-dimensional flow so that all observa-
tions and measurements would correspond to the infinite aspect ratio condition. The 
actual investigations included: 
1. Visual and photographic observations of the cavitation on the hydrofoil 
as it appeared, developed, and disappeared, as functions of both velocity and angle 
of attack. 
2. Measurements of the hydrodynamic forces and moments acting on the · 
hydrofoil, also as functions of velocity and angle of attack. For reasons to be dis-
cussed the force measurements were limited to the non-cavitating conditions. The 
results of both categories of tests are presented here, together with a discussion 
of the test procedures used. 
(1) Numbers in parentheses refer to references at end of paper. 
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EXPERIMENTAL ~UIPMENT AND INSTALLATION 
The Hydrofoil Profile 
Test units with profiles identical to the N.A.C.A. 4412 airfoil section were 
supplied for these experiments by the David Taylor Mo.del Basin. The profile of this 
section is shown in Figure 1, together with a tabulation of its coordinates. It is 
one of the four digit series shapes of the National Advisory Committee for Aero-
nautics described in references (2), (J), (4), and (5). It has a 12 per cent thick-
ness ratio with a 4 per cent camber. The hydrodynamic characteristics, including 
surface pressure measurements, had been determined previously by wind tunnel tests 
and were available for comparing with the water tunnel data. 
T'ne Water Tunnel 
A diagram showing the Cal-Tech water tunnel (1) as it was when used for 
these experiments is given in Figure 2.* The tunnel is a closed c;ircuit type with 
an enclosed jet working section. The absence of any free surface limits experiments 
to those simulating conditions at great depths. In this tunnel water is circulated 
(counter clockwise in Figure 2) with a variable speed pump to give a wide range of 
velocities in the cylindrical workin~ section. The working section diameter is 
14-inches and its length is 72-inches. Visual and photographic observations can be 
made through transparent lucite windows whose inner faces confor.m to the cylindrical 
shape of the tunnel. A system of pressure regulation permits the fluid pressure in 
the working section to be controlled independently of the velocity, so that cavita-
tion can be produced or avoided as desired. The tunnel is equipped with a three 
component balance for measuring the hydrodynamic forces and moments acting on a test 
body. The balance system is shown schematically in Figure J. A rigid vertical spindle 
is supported near its mid point in such a way that it is free to rotate about any axis 
but cannot translate. One end projects into the working section to receive the test 
unit on which certain hydrodynamic forces and moments act. The other end is re-
strained from moving by the application of external forces and couples. By measuring 
the magnitudes of the restraining forces the corresponding hydrodynamic forces acting 
on the test unit are obtained. In this balance the restraining forces are created by 
hydraulic pressure acting on a piston and cylinder assembly. The pressure, which is 
measured by precision weighing type pressure gages, is proportional to the force 
applied. Provisions are incorporated in the spindle structure for rotating the upper 
portion of the spindle about its ovm geometric axis so that the angle of attack of 
the test unit can be changed during tests. 
Test Installation 
Since the so-called infinite aspect ratio characteristics were desired in 
these experiments, two-dimensional flow was approximated by having the test unit 
completely span the working section. In this instance the circular cross section 
of the stream was modified by inserting panels at top and bottom of the working 
section to form parallel walls as shown in Figure 4. In the approximately rect-
angular section which resulted, the test unit was mounted spanwise between the two 
plane walls. This type of installation causes approxllnately a uniform effect of 
the hydrofoil on the fluid a long the full length of the test span. The span was 
*For a description of the High Speed Water Tunnel as recently revised see 11The 
Hydrodynamics laboratory at the California Institute of Technology", by R. T. 
Knapp , Joseph Levy, J. Pat 0 1 Neill, and F. Barton Brown, Trans. A.S.M.E., 
vol. 70, 1948. 
• 
\ 
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supported at one tip by the balance spindle and cantilevered into the stream. The 
hydrofoil angle of attack was changed by rotating the spindle. Referring to Figure 
1, a positive angle signified a clockwise rotation of the hydrofoil. Measurements 
of drag, lift, and pitching moment ,~ere obtained as reactions of the pressure 
cylinders shown in Figure 3. 
In addition to the desirability of having a large span to chord ratio, 
the proportions of the hydrofoil test unit depended upon the physical capacity of 
the balance and force measuring apparatus, and the structural rigidity of the test 
unit itself. In order to remain within the capacity range of the balance it was 
necessary to reduce the size of the test until, and hence its rigidity in the lift 
direction. Thus, if the cantilevered hydrofoil completely spanned the working 
section, severe deflections were obtained at high lifts. As a result two installa-
tions were provided as shown in Figure 5. In one the test unit spanned the entire 
10-inch distance between top and bottom walls except for small clearance gaps at 
either end. In the other the test unit spanned one half the 10-inch space up to 
the centerline of the tunnel. A dummy section extending from top down comprised the 
remainder of the span. A small gap at the lower wall and at the center line of the 
tunnel between the ends of the two semispans served to isolate the lower half during 
measurements. An angle indexing device permitted the angle of attack of the upper 
half to be changed simultaneously with the lower. With this arrangement the forces 
transmitted to the balance were cut in half, permitting an extension of the range 
of test velocities. Furthermore, the maximum deflection of the hydrofoil for any 
particular velocity and angle of attack was reduced by a large factor. With the 
3-inch chord dimension finally selected as a compromise between the several factors, 
it was possible to obtain measurements for Reynolds numbers of nearly 1,000,000. 
The 3-inch size resulted in a good chord to span ratio (3.33) and was also large 
enough to permit an accurate shaping of the profile. Figure 6 is a photograph of 
the two semispans used, and Figure 7 is a view into the end of the working section , 
showing the parallel walls and the test unit in place. 
CAVITATION CHARACTERISTICS 
Definition of Cavitation 
The word "cavitation" is used to signify either the hydrodynamic phenomenon 
of the formation of vapor filled bubbles or "cavities" at low pressures and the sub-
sequent collapse of such bubbles, or the physical damage to materials that form the 
boundaries of the fluid passages in which this bubble formation and collapse occurs. 
In this article attention is limited to the phenomenon itself. By this usage, an 
object such as a projectile, a hydrofoilp or a pump blade is said to "cavitate" if 
such vapor bubbles are formed, even though no physical damage occurs. 
It is generally assumed that cavitation will occur whenever the pressure 
at some point in the fluid becomes equal to the vapor pressure. Local "boiling" 
results in vapor filled "cavities " which grow so long as they are in a low pressure 
environmentP but collapse when carried by the relative flow into a zone of high 
pressure. Assuming the beginning or "inception" of cavitation occurs when the 
pressure equals the vapor pressure exactly, implies that the fluid will not support 
a tension and ignores the possibility of dissolved gasses being released to cause 
premature cavitation at pressures higher than the vapor pressure. Nevertheless, 
there is considerable experimental information to indica t e that with water contain-
ing ordinary amounts of impurities and dissolved air, cavitation does occur at 
pressures that are very close to the vapor pressure. 
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The Cavitation Parameter 
A relative flow between an immersed object and the surrounding fluid 
results in a variation in pressure along the surface of the object. At any point 
on the object the difference between the pressure at that point and the pressure 
in the undisturbed fluid at some distance from the object is proportional to the 
square of the relative velocity, or 
-= constant 
where P0 and V0 are the pressure and velocity for the undisturbed fluid, P 
pressure at the surface of the object , and p is the density of the fluid. 
point on the object P will be a minimum and P 0 - Pmin 
v2 
p 0 
2 
is the 
At some 
will have a definite value. In the absence of cavitation (and neglecting Reynolds 
Number effects) this value will depend only upon the shape of the object. Now it 
is easy to imagine a set of conditions such that Pmi becomes equal to the vapor 
pressure of the liquid. This could be accomplished Ry increasing the relative 
velocity V0 for a fixed value of the pressure P0 , or by continuously lowering P0 
with V0 held constant. Either procedure will result in a lowering of the absolute 
values of all the local pressures on the surface of the object. I f carried to the 
point that Pmin equals the vapor pressure, incipient conditions are said to exist 
and cavitation should begin. 
This beginning will mean the appearance of tiny cavities at or near the 
place on the object where the minimum pressure is obtained. If a pressure less than 
the vapor pressure is not possible (whi~h is assumed) then continual increase in V0 (or decrease in P0 ) will mean that the pressure at other points along the surface 
of the object will become equal to the vapor pressure. Thus the zone of cavitation 
will extend from its original inception point. 
Up to the inception point t he value of the fraction P0 - fmin 
v2 
p 0 
2 
remains fixed. For conditions beyond the inception 
point the value decreases since Pmin is identically equal to the vapor pressure, 
whereas V0 is increasing (or P0 is decreasing ). Thus the value of this fraction 
becomes an index of the stage of advancement or "degree 11 of cavitation. 
Written with the vapor pressure repla~g Pmin' thus 
this fraction can be used as a cavitation parameter to relate the conditions of 
flow to the possibility of cavitation occurring , as well as to the degree of 
cavitation once the phenomenon begins. Thus, for any system where the relative 
, 
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velocity i s V0 and the pressur e in the fluid is P0 , K will have a definite value. Cavitation will occur onl y if the shape of the ~nersed object is such that 
For the particul ar 
Po - Pmin ~ K 
v2 
p-2. 
2 
case of Po - Pmin = 
y2 
p-2. 
2 
Po-p~ = K 
y2 
p-2. 
2 
·the value i s knovm as Ki (K for inception of cavitation) on the particular object. 
By adjusting the flow conditions so K is greater than , equal to, or less 
than Ki, the full range of possibilities can be established from no cavitation to 
advanced stages of cc>.vitation. 
Tne immersed ob j ect referred to in the above discussion can be actually a 
body s uch as a hydrofoil , or the solid boundary of t he passage such as the throat 
of a Venturi met er. 
Tes t Procedure 
The procedure used during cavitation tests was t o vary the pressure while 
all the other factors were held constant. Thus, for a given angle of a ttack , a 0 , at 
any velocity the pr essure was r educed in steps until cavitation appeared and then 
became well developed, that i s unt il K became equal to, and then , less thanK;. The 
cavitation parameter for each step was ca lculated from simultaneously measured values 
of the velocity and pressure . Measurements were t aken as a 0 was varied from -100 to 
+16°. Flow velocities , ranged up to 45 feet pe r second. During t hese experiments 
the inception and development of cavitation was photogr aphed through the transparent 
windows . These photographs wer e made with hi gh voltage flash lamps having a flash 
dur a tion of about 20 microseconds . 
I nception of Ca vitation vs. Angle-of-Attack 
In Figure S the va lue of the cavitation parameter at ·which cavita tion 
first appear s on the hydr ofoil is plotted as a function of the angle of attack. 
Two curves a r e shown , one mar king the incipient cavitation on the hydrofoil ' s 
upper surface and one on its l ower. In the a rea above the curves cavitation did 
not occur, while below the curves it existed in varying degr ees . These t wo curves 
cross at a 0 = -1.4° Hhere cavitation appeared simultaneous l y on top and bottom sur-faces . For any other angl e cavitat ion occurred on one surface before t he other. 
Furthermore, the l owest va lue of Kat which cavitation appeared is a t 
-1.40°. As alrea~ mentioned the i nception point depends upon the s hape of the 
object presented to the flow . Figure 1 shows that with the chord of the foil 
(line joining l eading and t r ailing edges ) parallel to the flow , the upper s urface 
will cause a g reater deflect ion of fluid , hi gher local velocity, and should cause 
a lower pressure than will the lm'ler surface . Figure 8 indic:ates that t his is 
true. For a0~0° cavitation was visible first on the upper s ide at K ~ 0. 7 and 
later on the lower side at K = 0. 42 . As the hydrofoil was pi tched into t he s tream , 
'vit h eithe r positive or negative angles, the flow had to pass a round the shar..1l y 
curved leading edge. This result ed in increased accelerations and lower pressures 
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so that cavitation occurred earlier (at higher K values). The lm~est pressure was on 
the low~r surface of the hydrofoil if a 0 was negative, but on the upper surface if a 0 
was pos~tive. As a 0 was changed fran zero the surface which was pitched into the 
stream was subjected to extra dynamic pressure. At first this merely delayed cavita-
tion on this surface, but eventually the pressure became so large that cavitation did 
not occu~ on this side at all. Thus, for example, for positive angles, cavitation was 
not obta~ed on the underside of the foil for angles greater than about 2 1/2°. 
Ki from Wind Tunnel Pressure Distribution Data 
If the distribution of static pressure over the surface of a body is known 
for non-cavitating flow, the fraction 
can be evaluated. P~essure distribution measurements have been made in the wind 
tunnel for the NACA 4412 airfoil (3), and values of Ki calculated from this data are 
compared in Figure S' with the values obtained in the water tunnel. 
Good agreement is shown for the upper side of the hydrofoil up to an angle 
of about 7°. Beyond this, Ki as predicted from the wind tunnel is higher than the 
water tunnel values. Similarly for the lower surface best agreement is shown near 
zero angle, with increasing deviation at large negative angles. Several factors are 
of possible importance in explaining the discrepancies. First , at attack angles away 
from zero the sharply curved leading edge of the hydrofoil is presented to the flow. 
Small errors in for.mation of the profile here will result in large errors in the 
~n~um pressures. In fact, this indicates that extreme care must be taken in the 
manufacture of models, particularly small scale ones, if accurate and consistent re-
sults are to be expected. The second factor is that for both the wind tunnel and the 
water tunnel the greatest deviations from infinite aspect ratio conditions are at 
large angles of attack. The effect of the proxiJnity of the walls (particularly those 
parallel to the hydrofoil's pitching axis) becomes a singificant variable (6). One 
further possibility is that ordinary wat.er will support a tension under dynamic load-
ing, despite impurities and turbulence. If this is so, a cavity will not for.m nnless 
the fluid is subjected to the low pressure environment for a definite length of time. 
With a sudden drop and sharp rise in pressure, such as the flow experiences as it 
passes over the leading edge of the hydrofoil at large angles of attack, the fluid 
may pass through the low pressure zone before a cavity develops. Thus, the first 
cavitation would appear only at reduced values of K where the low pressure zone is 
extended. This latter question is one of the important unanswered questions about 
the mechanics of cavitation. 
Submergence to Prevent Cavitation 
In many applications of hydrofoils the static pressure is measured in terms 
of submergence, the vertical depth of the unit below the water surface. The data of 
Figure 8 has been replotted in Figure 15 to show the submergence necessary to prevent 
completely cavitation on the hydrofoil. The submergence is given in the left hand 
diagram as a function of velocity for certain angles of attack and in the right hand 
diagram as a function of angle of attack for fixed velocities. In each of the two 
diagrams all points below the constant a 0 or constant V0 curves are for cavitation-
free operation. Note that the minimum submergence is required when a 0 = -1.4°; for 
all other angles it is greater. Note also that at a given velocity the range of 
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angles is limited. For example, at 70 feet per second and 30 feet submergence 
cavitation-free operation is possible only within the limits of -2.2° and +2.4°. 
It should be emphasized that the method of obtaining these data corresponds 
to conditions expected at appreciable depths below the free surface. If the -hydro-
foil is but slightly s ubmer ged there results a production of waves at the surface 
and a change in the relative flow pattern near the hydrofoil itself. This will 
change the values of K. for the hydrofoil and hence the accuracy of the data for 
shallow submergences ~ the two diagrams of Figure 15. 
The Zone of Cavitation 
The behavior of a cavitating hydrofoil depends upon how the cavitation 
forms and grows and how these cavities affect the flow. I n Figures 10 to 14 in-
clusive, are sho\vn the appearance of cavitation on one or both surfaces of the hydro-
foil at several stages of development. Each figure is for a fixed attack angle and 
velocity of flow. The variation in K and hence degree of cavitation was obtained by 
changing the pressure in the working section. (The semispan installation was in use 
when these photographs were t aken and the horizontal joint marking the division 
between the two halves can be seen in some cases.) Figure 9 , which will be useful 
in discUGsing these photographs, is another diagram of Ki vs a 0 on which have been 
indicated numbers corresponding to the several photographs in Figures 10 to 14. 
Each number is located on the diagram at the value of K and at the angle of attack at 
which its photograph was taken. Thus the relationship between conditions for incep-
tion of cavitation and the conditions for each photograph is shown graphically. 
The relative susceptibility to cavitation on the two surfaces of the hydro-
foil is shown in the photographs in Figure 11, which were taken with zero angle of 
attack. In lla, b, c, in the left hand column are views of cavitation on the lower 
(normally high pressure) surface of the hydrofoil. For these views the relative 
flow over the surface is from right to left. In lld, e, f , gin the right hand 
colmrun cavitation is shown on the upper surface . The relative flow is from left to 
right. Reference now to Figure 9 shows that cavitation first appears on the upper 
surface at K ,= 0.7, approximately, for a 0 = 0°. Cavitation does not appear on the 
lower surface until K is reduced to about 0 .41. In Figure 11 the first photograph 
for the upper surface is at K c 0.57. Even at this value cavitation does not occur 
over the entire length of the span continuously, but rather intermittently in any 
one local area. Other photographs taken at the same K would show patches of cavita-
tion in other positions along the span. As K is reduced, cavitation becomes more 
general and more extended. In the meantime cavitation on the lower surface shows a 
less advanced stage compared to that on the upper at approximately the same K values. 
Thus at K = 0. 37 cavitation on the lower surface is very little more general than on 
the upper at K = 0.57. In fact the relative degree of cavitation is shown clearly 
in Figure lla where tail wisps of cavitation on the upper side can be seen extending 
past the trailing edge. 
Similar observations are obtained from Figure 13 and 14 , for a 0 = +8 and 
+12°, except that in both these cases B£ cavitation appears on the lower surface for 
the range of the experiments. The pitch is such that the extra dynamic pressure 
prevents vaporization on this side. On the other hand, at a 0 = -4° the upper sur-
face , which was pitched into the stream, was -cavitation free. 
As K is reduced, cavitation first appears as a narrow zone of small 
cavities which apparently originate, grow , and finally collapse on or near the sur-
face of the hydrofoil. In the early stages, at least, the extent of the zone of 
cavities is an indication of the extent of the low pressure zone , an idea that has 
been substantiated for certain three dimensional bodies (13). A clean example of 
- 8 -
such an expanding low pressure zone is shown in Figures lOa, b, c. 
The determination of the location and extent of the low pressure zone by 
water tunnel tests such as these has an important application in the development of 
high speed airfoils. '!he occurrence of cavitation at the minimum pressure point with 
liquids is analogous to the occurrence of sonic velocities and shock waves at the 
minimum pressure point vlith compressible fluids. 
Advanced Stages and the Entrainment Process 
With continued reduction in K a stage is reached where the collapse 
a~tually occurs in the fluid downstream from the hydrofoil itself. In fact, there 
exists a growing tendency for groups of cavities to be separated from the general 
mass and carried well beyond the hydrofoil and the main zone of cavitation before 
collapsing. Examples of this are shown in Figures lOc and l4e, f. Professor Knapp 
has pointed out that this is an "entrainment" process whereby the main flow of 
fluid is acting as an entrainment pump. It is an essential feature in the mechanics 
of maintaining the pressure at the boiling point for the advanced stages of cavita-. 
tion. For extremely advanced stages apparently the bulk of the vapor is entrained 
and swept away before collapsing . 
Under some conditions the individual cavities in the very advanced stages 
of cavitation coalesce to form a single enveloping bubble with transparent walls 
over a portion of its length. One example is in figure lOd, where such a trans-
parent bubble envelopes the near side of the hydrofoil. In Figures llc and llg the 
flow is on the verge of changing over to this transparent bubble condition. '!he 
transparent walls are an indication that very little vaporization is occurring. 
The vapor supply must be from the zone of turbulent boiling near the downstream end 
of the envelope. The interior of the envelope is at the vapor pressure and is main-
tained at this pressure by the "pumping " action of the relative flow past the hydro-
foil. 
Fine vs. Coarse Grain Cavitation 
A general examination of the photographs shows two "types" of cavitation to 
exist. In one, such as shown in Figure 12, individually identifiable cavities appear. 
In the other, such as in Figures 10 or 13, the cavities are very small and closely 
spaced, giving a sudsy appearance. Professor Knapp has termed these "coarse grain" 
and "fine grain", respectively. It will be noted that these types are associated 
with the curvature of the profile presented to the flow. A sharp curvature with its 
sudden reduction in pressure results in the fine grain type. With a more gentle 
curvature the coarse grain bubbles appear. These photographs show that as the 
hydrofoil is given larger and larger angles of attack in either direction the mini-
mum pressure point moves toward the sharply curved leading edge and fine grain 
cavitation is produced. 
Rate of Growth and Life of a Cavity 
In many of the photographs the growth of individual cavities can be 
observed for a short distance after their formation. Some measurements made for 
a 0 = 0°, V0 = 45 feet per second, and K = 0.25 showed a rapid growth, for the first 
quarter chord length of travel, up to 60% to 75% of what appeared to be the final 
diameter. Beyond this, growth was considerably slower until individual cavities 
interfered with their neighbors and then lost their identity. The growth of the 
cavities probably is the result of the continued vaporization into the "void" until 
the cavity itself is swept into a higher pressure zone. For an example of the 
rapidity of the process, the life of the cavities shovm in Figure lle is approxi-
mately l/200 seconds. In this short interval the cavity grows to a diameter of 
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a pprox.iJna tely 5 / 16 11 and then coll apses • 
Hydrodynamic Behavior with Cavitation 
These photogr aphs show instantaneous sampl es of an unsteady phenomenon. 
The average or so-call ed "steady state" condition obtained for a given K value 
r epresents a balance between the rate of vapor formati on and the rate of annihila-
tion, whether the l atter is by collapse as in the early stages or by entrainment 
as in the later stages . For any K the extent of the cavitation zone grows until 
this balance i s obtained. Successive sampl es at the same velocity and pr essure will 
have the same general appear ance , but will differ in detail. This unsteady 
character results in f luctuating hydrodynamic forces on the hydrofoil, the well 
lmo\m cause of the vibration of cavitat ing ships' propellers or centrifuga l pumps . 
With increased cavitation these fluctuating forces (and hence vibrations of the hydro-
foil) wer e observed to grow to dangerous magnitudes . HovJever , with the formation of 
the transparent envelopi ng bubble mentioned above the forces becrune essentially 
steady and t he vibrations nearly ceased. Unde r these conditions, apparently the 
fluctuations associated wi th cavity formation and collapse were limited to the 
neighborhood of the cavities themselves and not carried back upstream to the hydro-
foil proper. 
The hydrodynamic forces and moments acting during cavitation were not 
measured during these experiments for two related reasons . First , the wate r tunnel 
bal ance , which was designed for essentially steady force measur ements , would not 
resolve the unsteady forces encountered with cavitati on over most of the range of 
the studies. Second, it was observed , by noting the deflections of the hydrofoil 
unit, that even though the drag increased with the onset of cavitation, the lift 
(and pitching moment) dropped off. Low ave rage values combined with fluctuating 
forces further complicated measurements of these. The effect of cavitation on t he 
hydrodynamic behavior of t he hydrofoil depends on the extent to which the cavitation 
alter s the flow a r ound t he unit . The existence of cavi tation means that the stream-
lines must conform to the shape of a new "body" and t hat t he velocity and pr essure 
distributi on is changed from that without cavitation. As the cavita tion zone gro·ws, 
less and less fluid is given a net deflection normal to t he directi on of motion and 
the lift drops off. This effect is similar to that encountered when airfoils stall 
at excessive angles of attack. At the same time the drag goes up because cavitation 
increases the effective t hickness of the body , resulting in a larger change in 
momentum of the f luid par allel to the flow direction. 
Cavita tion and Damage 
Thile these experiments were not concerned with cavitation damage , it 
might be noted that it i s the initial s t ages of cavitation t hat are probabl y re-
spons ible for cavitation er osion. I n the earl y stages the ca vity collapse takes 
pl ace on or near the hydr ofoil surf ace . At l ater stages the collapse is i n the 
liquid body \"'ell away fran the solid surface . Since it is gene rally recognized that 
it is the collapse that resul ts in damage , it must be the early stages that are 
danger ous . This i s an important cons ideration in dealing v1ith propellers and pumps 
which often operate nea r the conditions for inci pi ent cavitation. 
Significance of t his Profile 
Thi s cavitation data i s presented principall y as a s tudy of the cavitation 
process in the inception, growth and collapse of cavities or bubbles . The use of 
t his particular profile for the experiments was conveni ent because of the existence 
of the previously measured wind tunnel data. Otherwise t his shape has no particular 
merit as a hydrofoil so far as cavitation is concerned. Other shapes exist which 
a r e far more "resistant" to t he occurrence of cavitation. Ho·wever , their other 
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hydrodynamic characteristics are also different from those for this shape. In the 
selection of a profile for an application the requirements of both types of 
characteristics must be considered. 
INFINITE ASPECT RATIO CHARACTERISTICS 
Significance of Infinite Aspect Ratio Data 
The hydrodynamic properties of airfoil and hydrofoil shapes are reported as 
"infinite aspect ratio" or "section11 characteristics because in this form, they de-
pend only on the shape of the profile. The characteristics of a hydrofoil or airfoil 
of finite span differ from those for an infinite span because of "leakage" of fluid 
at the span tips from the high pressure to low pressure surface. This flow around 
the ends acts to reduce the lift and increase the drag at given angles of attack. 
These are called "induced" effects (7) (8) and their magnitude depends on the aspect 
ratio, plan form, and twist of the particular hydrofoil. Infinite aspect ratio data 
is important in the design of lifting devices, such as wings, rudders, or stabilizing 
fins, as well as various pumping devices such as propellers, fans and centrifugal 
pumps. Methods are available for converting this data to the equivalent performance 
of actual devices having arbitrary geometrical proportions, (8) (9) (10) . 
Experimental Methods 
Infinite aspect ratio data can be obtained from tests of finite span sec-
tions by correcting the measured forces and moments for induced velocity effects 
and for tunnel wall interference and support interference effects. In an effort 
to eli.nlinate the uncertainty of the various corrections, which may become large 
with respect to the measured forces, particularly drag, the trend has been towards 
two-dimensional tests. In these the attempt is made to cause the hydrofoil to act 
uniformly along its ~pace as it deflects the passing fluid by having the test unit 
span the stream completely. If this is achieved, the resulting flow differs from 
the ideal sought only by the effect of the presence of the tunnel walls. 
As already described, the test installation for these experiments was de-
signed to give essentially two dimensional flow past the hydrofoil. The clearance 
gaps at the ends of the test span, which ·were necessary to isolate the unit while 
measuring forces , were small to make the tip "leakage " unimportant. 
The hydrodynamic forces acting on a hydrofoil need not be measured direct-
ly but may be determined indirectly by evaluating the change in momentum of the 
fluid as it passes the test span and by measuring the reaction pressures created on 
the tunnel walls as a result of the fluid being deflected. These wake survey and 
wall pressure survey methods (ll) (12) require less elaborate test equipnent because 
the force measuring balance is eliminated and the test unit need not be supported 
independently of the tunnel structure as is necessary for direct measurement of the 
forces acting on the hydrofoil. On the other hand, where the balance is available, 
its use for direct measurements is extremely convenient and, with the proper pro-
visions, should permit better accuracy. One objective of this study was to in-
vestigate the adaptation of the single spindle three component balance to two 
dimensional testing. 
Measured Characteristics 
The measured data was obtained over the range of Reynolds number from 
R = 287,000 to 903,000. The experimental procedure was to measure the lift, drag, 
and pitching moment as functions of the angle of attack for the several Reynolds 
numbers. In each case the pressure was maintained high enough to prevent cavita-
tion. 
-ll-
The experimental results are shown graphically in Figures 16 and 17, where 
lift, drag and pitching moment coefficients, and center of pressure are plotted 
versus angle of attack. In Figure 18 angle of attack and drag and pitching moment 
coefficients are plotted with lift coefficient considered as the independent vari-
able . The terms and symbols used are defined in Table III at the end of this paper. 
In each Figure curves are given for four values of Reynolds number. All the results 
plotted here were obtained with the split span installation which permitted the 
measurement of the forces on one half the total span. Even so, it will be noted 
that the maximum lift could not be reached at the higher Reynolds numbers because 
of the excessive magnitude of the forces developed. Measurements with the full 
10 inch span, which were in the lower Heynolds number range , gave similar results to 
those shmm and are not included here . In Table I the magnitudes of the important 
variables for both the semispan and full span installations are listed for each 
Reynolds number. 
As Reynolds number increases certain consistent changes in performance 
will be noted. The slope of the lift coefficient curve and the maximum value of the 
lift coefficient increase, while the drag coefficient decreases. Also the angle for 
zero lift shifts to slightly lov1er values. The moment coefficient is figured about 
the aerodynamic center , the point about which the pitching moment is essentially 
constant for a wide range of angles of attack. Up to about 5° the coefficient is 
constant and independent of Reynolds number. Up to 8° the coefficient is within 15% 
of a constant value. The center of pressure is also nearly independent of R, with 
deviations occurring near a 0 = 0° where accuracy in calculating the center of pressure position is low. 
Experimental Limitations on Results 
The experimental arrangement used for these tests introduced the following 
three factors causing deviation of the flow from truly two-dimensional conditions: 
1. The entire span was not subject to a uniform velocity, 
but experienced lower velocities in the boundary layer 
zone near the tunnel walls . 
2. There was the possibility of flow through the clearance 
spaces between the ends of the test span and the tunnel 
walls or between the two halves of the split span section. 
3. There was a possibility of interference because of the 
proximity of the tunnel walls to the test section. 
A non-uniform velocity distribution will tend to rnake all the coefficients 
numerically high. However, as shown in Figure 4, the test span was located only 
about one tunnel diameter from the final contraction of the flow. In this short 
distance the boundary laye r should occupy only a small percentage of the ·width of 
the working section so that most of the span should experience the full velocity. 
It should be noted also that while the velocity distribution was known to be uni-
form in the circular section just ahead of the final contraction caused by the addi-
tion of the two parallel walls to the working section, it was not measured in the 
plane of Section AA (Figure 4) where the hydrofoil was mounted. Good evidence of 
uniformity at the hydrofoil was obtained from an examination of the cavitation 
photographs . In these, cavitation appeared to for.m at the same value of Ki at all 
points along the span and grow uniformly a l ong the span, with no consistent devia-
tions. (The intermittent patches of cavitation in the early stages as shown in 
same cases are thought to be evidence of the unsteady nature of the phenomenon. 
12 
Any leakage through the clearance spaces at the ends of the test span will 
tend to reduce the actual angle of attack at the hydrofoil at high lifts. In these 
tests the clearance was held to 0.005 11 to keep a high resistance to flow through 
the gap. At small angles of attack the influence on the measured forces and moments 
should be small. However, as the angle increases and the pressure difference through 
the gap increases, the leakage will increase. This is an error that could be re-
duced by using end plates reces sed into the tunnel wall, but these in turn would 
complicate the drag measurements. The magnitude of the clearance gap is important. 
Increasing the gap from 0.005 11 to 0.023 11 caused an 8% increase in drag and a 4% de-
crease in lift. The moment was not affected appreciably. If it is assumed that 
the error is proportional to the leakage and, therefore, for laminar flow, is 
proportional to the clearance, the maximum error in drag is about 2% with a 0.005" 
gap. It is likely that the error increases at a faster rate as the clearance is 
enlarged, so the error at 0.005 11 is even less. The error in lift from this cause 
is correspondingly less. 
The tunnel walls confine the water flow and change the streamline pattern 
around the hydrofoil from that in a free stream. For two dimensional flow it is 
particularly important that the walls parallel to the pitching axis are as far 
removed as possible. In this installation the maximum dimension of the water 
tunnel cross section normal to the hydrofoil axis was kept at the full 1411 as shown 
in Figure 4. Wall interference, including the so called "blocking" or actual 
restriction of the passage by the hydrofoil itself, is negligible at small angles 
of attack (low lifts) but increases with angle (6). The actual magnitude of this 
effect was not evaluated for these tests . The degree of fluid turbulence in the 
water tunnel was not detennined because suitable instruments were not available 
for measuring it directly, as can be done readily with the hot ·wire anemometer in 
the •~ind tunnel, and because indirect measurements , such as the determination of 
the critical Reynolds number for a sphere, required test setups involving uncertain 
support interference errors. The turbulence has an important effect on the measured 
drag and maximum lift. Without more definite knowledge of the turbulence, measure-
ments of these two items must be considered primarily as canparative. 
Accurate measurement of the minimum drag was handicapped by the very 
small magnitudes of this component (approximately four pounds total for R = 903,000). 
Nevertheless, the decreasing trend with increasing Reynolds number already noted is 
in the proper direction and is a good indication that the tests give reliable 
comparative results. 
In summary, it appears that with this method of testing accurate results 
should be obtained at small angles of attack. This is in the low lift range and 
the range of many hydrofoil applications. At larger angles the accuracy of the 
results is reduced somewhat. Nevertheless, good comparative results should be 
obtainable. 
Theoretical Characteristics 
A simple set of equations for the Characteristics of hydrofoils in a 
frictionless fluid can be derived theoretically by the method of conformal trans-
formation (8). Using the Joukowsky transformation, the relationships for small 
angles of attack are: 
Lift coefficient = c1 
0 
"" 2 2r (l + o. 77 thickness ) (ao -a lo ) 
chord 
57.3 
Zero lift angle 
Slope o: lift curve 
- 13 -
= al 
= 
= 
= 
0 
camber 2 
chord x 
ao 
57 .3 
2 ~ (l + 0• 77 thickness ) 
chord 1 
57.3 
Pitching moment coefficient em 
= 
r. 
2 
a . c. 
(l + 0 _77 thickness) chord 
al 
____Q, 
57.3 
I t will be noted that for a given thickness ratio the lift coefficient is pro-
portional to the angle of attack, the angle for zero lift is proportional to the 
amount of camber, and the moment coefficient is constant about the quarter chord 
point . It will also be noted that because a frictionless fluid is assumed, all of 
these va lues are independent of Reynolds nwaber and the drag is zero. 
For the 4412 hydrofoil the numerical values are : 
c 1 = 0.120 
0 
0 
= - 1-t-.6 
a 0 = 0 .120 (per degree) 
em = 0.137 
a . c. 
These values appear also in Table I where they are seen to be slightly greater 
(numerically) than the measured quantities. 
Comparison with Finite Aspect Hatio Tests 
Previously published data for thi s profile were obtained from N.A.C.A. 
tests of wing section with aspect ratio of six. The data were corrected to give 
infinite aspect ratio characteristics . In Figure 19 curves from N.A.C.A. wind 
tunnel tests are compared with the water tunnel measurements. The principal 
characteristics are tabulated in Table II. These wind tunnel data were taken from 
Reference (4), Figure 7, and corrected by the methods outlined on pages 17 and 18 
of that reference, to give so-ca lled "second approximation" characteristics. Tney 
apply at the test Reynolds numbers. All corrections to infinite aspect ratio are 
included except the effect of support interference on drag ru1d certain secondary 
effects of variations in c1 and cd along the finite test span at hi~h lifts . They 
0 
are not corrected for turbulence or scale effects and should not be confused v1i th 
final characteristics presented in references (4) and (5) which have been extra-
polated to full sca l e aircraft flight Reynolds numbers. 
iVhen comparing the two sets of data from different sources the fact 
shoul d be kept in mind that mos t likely different degrees O.L turbulence existed 
in the t wo tunnels . As already noted, t his factor would aff ect the dr ag and 
magnitude of the maximum lift attainable. The other characteristics should not be 
- 14-
affected appreciably. In this case the water tunnel two-dimensional tests gave ten 
per cent lower values for the slope of the lift curve, the moment coefficient, and the 
minimum drag coefficient. On the other hand, the maximum lift coefficient was hieher 
in the water tunnel. The drag curves for the two sets of data differ widely in spite 
of the reasonable agreement of the minimwn drag values. The reason for this dis-
crepancy is not known. 
Application of Results 
In testing with artificial fluid streams the degree of turbulence is in-
variably different from that encountered in the actual application. The higher the 
turbulence, the higher will be the maximum lift coefficient. The turbulence also 
affects the transition in the boundary layer on a given body and hen~e the drag. 
Methods have been suggested for compensating for tunnel turbulence . These have 
their main value in adjusting the maximum lift coefficient. 
The range of Reynolds number covered by the tests (up to approximately 
1,000,000) includes many hydrofoil applications. If the data are to be applied 
outside this range, some correction should be made. Wind tunnel tests have shown 
that for Reynolds numbers up to 3,000,000 the slope of the lift curve increases 
only about one or two per cent above its value at 1,000,000. The pitching moment 
and the angle for zero lift are also nearly unaffected. On the other hand, the 
maximum lift coefficient increases from ten to twenty per cent. The profile drag 
decreases at nearly the same rate as turbulent skin friction on flat plates. It is 
felt that tne useful range of these test results can be extended considerably by 
careful application of rules such as these . 
It should be emphasized again that the data applies to situations where 
there is no free surface in the neighborhood of the hydrofoil. For operation at an 
inappreciable submergence the formation of waves on the liquid surface will modify 
the characteristics measured by tests such as these. 
- 15 -
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TABLE III 
DEFINITIONS OF TERMS AND SYMBOlS 
a 0 = angle of attack between hydrofoil and mean flow of water in degrees 
do .. drag force per unit length of hydrofoil span in pourids 
10 = lift force per unit length of hydrofoil span in pounds 
ma.c. = pitching moment per unit length of hydrofoil span in foot pounds, 
measured about the aerodynamic center 
v 0 = ~elative velocity between the water and the hydrofoil in feet per second 
p = density of water in slugs per cubic foot 
~ ~ absolute viscosity of water in pound seconds per square foot 
c = chord of hydrofoil section in feet 
b span of hydrofoil test unit in feet 
b/c = aspect ratio 
a.c. = aerodynamic center, the point about which the pitching moment coefficient 
is independent of the angle of attack or lift coefficient 
C.P. = center of pressure, the point at which the resultant of all the hydrodynamic 
forces acting on the hydrofoil is applied 
Section Drag Coefficient 
cd = ----
o ,2 
p_o c 
2 
Section Lift Coefficient 
l 
0 
cl = --------
o 
,;. 
p -0 c 
2 
Section Moment Coefficient (about aerodynamic center) 
? c2 vc; 
p 2 
TABlE III (Continued) 
Reynolds Number 
R=vc p 
ll 
Cavitation Parameter 
K = 
Where in addition to terms defined above 
P0 = absolute pressure in the undisturbed flow in pounds per square foot 
Pvp = pressure in the cavitation bubble (taken as equal to the vapor 
pressure of water for these tests) in pounds per square foot 
l. 
2. 
4. 
5. 
6. 
7. 
8. 
9. 
10. 
ll. 
12. 
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